Here we present a detailed study of the spinel CdEr 2 Se 4 and show it to be a new instance of spin ice, the first one in an erbium material and the first one in a spinel. Definitive experimental evidence comes from the temperature dependence of the magnetic entropy, which shows an excellent agreement with the predicted behavior for a spin ice state. Crystal field calculations demonstrate that the change in the local environment from that of the titanates completely alters the rare-earth anisotropy giving rise, in the case of Er 3þ , to the required Ising anisotropy, when The rare-earth (R) pyrochlores (R 2 M 2 O 7 ) have been found to display a rich variety of exotic magnetic behavior, a direct consequence of the impossibility, imposed by the geometry of the lattice, of finding a classical ground state by minimizing all pairwise exchange interactions. Theoretically, a system of antiferromagnetically coupled Heisenberg spins in a pyrochlore lattice should remain in a collective paramagnetic state as T ! 0 [1]. In practice, the macroscopic degeneracy can be lifted by lesser contributions to the spin Hamiltonian. In particular, the crystalline electric field (CEF) anisotropy term can dramatically alter the nature of the ground state, making it quasi specific to each rare-earth species. Thus, in the titanate series R 2 Ti 2 O 7 , the observed ground states in a zero applied field include nonconventional AFM states for the dipoleHeisenberg (R ¼ Gd [2]) and the XY (R ¼ Er [3,4]) systems, a spin liquid state (R ¼ Tb [5], half-way between Heisenberg and Ising), spin ice for the Ising Ho and Dy systems [6, 7] , and a dynamic disordered state (for Yb, with planar anisotropy [8] [9] [10] ). The CEF anisotropy thus appears as the main cause for the rich phenomenology observed in the frustrated pyrochlores. But, at the same time, it constitutes a major limiting factor regarding the number of systems displaying a particular behavior as it effectively makes each R ion the only one of its kind.
The rare-earth (R) pyrochlores (R 2 M 2 O 7 ) have been found to display a rich variety of exotic magnetic behavior, a direct consequence of the impossibility, imposed by the geometry of the lattice, of finding a classical ground state by minimizing all pairwise exchange interactions. Theoretically, a system of antiferromagnetically coupled Heisenberg spins in a pyrochlore lattice should remain in a collective paramagnetic state as T ! 0 [1] . In practice, the macroscopic degeneracy can be lifted by lesser contributions to the spin Hamiltonian. In particular, the crystalline electric field (CEF) anisotropy term can dramatically alter the nature of the ground state, making it quasi specific to each rare-earth species. Thus, in the titanate series R 2 Ti 2 O 7 , the observed ground states in a zero applied field include nonconventional AFM states for the dipoleHeisenberg (R ¼ Gd [2] ) and the XY (R ¼ Er [3, 4] ) systems, a spin liquid state (R ¼ Tb [5] , half-way between Heisenberg and Ising), spin ice for the Ising Ho and Dy systems [6, 7] , and a dynamic disordered state (for Yb, with planar anisotropy [8] [9] [10] ). The CEF anisotropy thus appears as the main cause for the rich phenomenology observed in the frustrated pyrochlores. But, at the same time, it constitutes a major limiting factor regarding the number of systems displaying a particular behavior as it effectively makes each R ion the only one of its kind.
Normal spinels AR 2 X 4 constitute an alternative realm in which to look for exotic magnetism as the R ions occupying the octahedral sites in the structure form an identical pyrochlore sublattice to that in the titanates. In fact, work by Lau and co-workers on the series CdR 2 X 4 (X ¼ S, Se) [11] has shown clear indications of geometrical frustration in these materials. Interestingly, the local environment of the rare-earth in the spinels is different to that in the pyrochlores. This alters the CEF level scheme of the R ion and can potentially lead to completely different behavior for the same magnetic species in the two series despite the analogy in the overall geometry of the magnetic sublattice.
In this Letter we show this to be the case. We present a detailed study of the cubic spinel CdEr 2 Se 4 (Fd 3m) and show that the change in the coordination environment of the Er 3þ ions from that of the pyrochlores Er 2 M 2 O 7 (M ¼ Ti, Sn) causes a change of the CEF anisotropy from planar to Ising, leading to spin ice behavior at low temperatures. To our knowledge, this is the first report of a spin ice system in an erbium compound.
Polycrystalline samples of CdEr 2 Se 4 [12] were synthesized by solid state reaction in evacuated sealed quartz tubes at 800 C. dc-susceptibility measurements were performed with a Quantum Design SQUID. ac-susceptibility data were collected in a dilution refrigerator with an ac field of 33 mOe in the frequency range from 4 to 10 kHz. Specific heat measurements were made with a PPMS from Quantum Design. Finally, muon spin relaxation (SR) measurements were carried out at the SS facility at PSI, Switzerland.
In the spin ice compounds known to date-the Ho and Dy pyrochlores-spin ice behavior results from the combination of two factors: effective ferromagnetic coupling and strong uniaxial anisotropy arising from the D 3d local field that effectively locks the spins along the trigonal h111i axes and yields the so-called ''2 in 2 out'' spin state [13, 14] . Experimentally, in the absence of a detailed neutron scattering study of magnetic correlations, the definitive proof of its existence is only provided by specific heat measurements of the zero-point entropy, which comes to
week ending 18 JUNE 2010 0031-9007=10=104 (24)=247203 (4) 247203-1 Ó 2010 The American Physical Society be equal to ðR=2Þ lnð3=2Þ ¼ 1:68 J mol À1 K À1 , the residual entropy associated with proton disorder in water ice [15] and, in spin ice, with the extensive degeneracy of the frozen state associated with the ice-rules [14] . Figure 1 shows the magnetic contribution (C MAG =T) to the specific heat for CdEr 2 Se 4 , obtained after subtracting the phonon and CEF contributions from the experimental data [the best fit is obtained with a Debye temperature D ¼ 167:84ð39Þ K and the first excited CEF level at 46.96(29) K above the ground state; see inset of Fig. 1 ]. C MAG shows no sign of long-range order but a broad peak centered at $0:95 K with a rapid fall to zero in the lowtemperature side, associated in the titanates with the freezing of the R 3þ moments in the spin ice state [7] . Most importantly, the entropy recovered by integration of C MAG =T between 0.3 and 20 K is about 4:2 J mol À1 K À1 , which differs from S ¼ R ln2 expected for the noninteracting Ising spins by 1:56 J mol À1 K À1 , a value close to the zero-point entropy of a spin ice ground state. The recovery of the zero-point entropy on application of a magnetic field [the integrated entropy S up to 13 K in a field of 0.5 T amounts to more than 90% of the total spin entropy, compared to 76% in zero field (Fig. 3 bottom) ], is also consistent with spin ice behavior, as has been shown for Dy 2 Ti 2 O 7 [7] . Note that although the integration of C MAG =T has been made for T ! 0:3 K, the absence of any ordering feature in the ac-below the freezing temperature, T p , (see below) completely rules out a large discrepancy in S from our calculated value. Note also that extrapolating the experimental curve below 0.3 K using a Schottky function adds only 0:025 J mol À1 K À1 to the total entropy, 2 orders of magnitude smaller than the quoted value of 4:2 J mol À1 K À1 . Figure 1 therefore constitutes irrefutable experimental evidence of the spin ice behavior in CdEr 2 Se 4 . The task is now to establish that the system satisfies the anisotropy and exchange requirements for its existence. In CdEr 2 Se 4 , the first indication of strong anisotropy of the Er 3þ ions comes from the field dependence of the dc magnetization (Fig. 2) . On cooling, the magnetization approaches saturation at a value close to half of the free ion maximum ¼ 9 B , indicative of strong anisotropy and, a priori, reminiscent of the behavior in spin ice [16] . However, a halfmagnetization plateau does not uniquely support h111i uniaxial anisotropy as it is also found in Er 2 Ti 2 O 7 [16] with planar anisotropy. Further evidence is thus needed to prove this point and it comes from a calculation of the effect the change in the local coordination environment of the Er 3þ ions has on the single-ion CEF levels. In fact, a close look at the spinel and pyrochlore structures of CdEr 2 Se 4 and Er 2 Ti 2 O 7 , respectively, shows that, in the titanate, each R 3þ ion is surrounded by eight oxygens forming a distorted cube with two shortened R-O distances lying along the h111i axes. In the spinel structure, on the other hand, each R 3þ has six nearest-neighbor Se 2À ions in an almost perfect octahedral environment. None of the ErSe bonds points along the threefold axes. We have calcu- lated the energy levels and corresponding wave functions of the Er 3þ ions in the crystal field generated at the R sites in the spinel structure and the results show that it gives rise to completely different behavior to that of the pyrochlore, with the R 3þ magnetic moments lying along the trigonal axes as in the Dy and Ho pyrochlores (in contrast, to the XY behavior in the Er titanate [4] ). The effective parametric CEF Hamiltonian used in the calculation has the form
where B m n are the CEF parameters and C n m the spherical tensor operators of rank m. Initial values of the CEF parameters were calculated within the framework of the exchange-charge model (ECM) [17] and then varied to fit the experimental field dependence of the magnetization at low temperature (T ¼ 5 K). Fig. 2) , calculated as the average of the magnetic moments of noninteracting Er 3þ ions induced by the fields along the symmetry axes of the cubic crystal. A similar quality fit is obtained for the temperature dependence of the susceptibility (not shown). Note that the calculation neglects both the weak exchange interactions between the Er 3þ ions and the dipolar fields at the Er 3þ . Also, the moments were calculated for a 100% direct spinel, i.e., no inversion between Er and Cd positions. Original work on this compound reported 7.5% inversion [12] but we were not able to detect any in our samples by x-ray diffraction.
The Weiss temperature W ¼ À1:25ð63Þ K derived from the Curie-Weiss fit of the dc susceptibility (corrected for demagnetization assuming spherical geometry) of a polycrystalline sample at high temperatures (T > 180 K, not shown) indicates predominant antiferromagnetic exchange correlations. However, as for the spin ice pyrochlores [13] , a detailed theoretical analysis of the dc susceptibility reveals a dominant role of dipole-dipole interactions, which are capable of inducing the effective ferromagnetic coupling between the nearest-neighbor Er 3þ ions. From the measured Weiss temperature we obtained the nearest-neighbor exchange energy J nn ¼ À0:15 K, a value about an order of magnitude lower than the corresponding exchange energies in Ho and Dy titanates with remarkably shorter nearest-neighbor R-R distance (r nn $ 0:357 nm against 0.41 in CdEr 2 Se 4 ). The nearest-neighbor dipolar interaction is D nn ¼ ð5=3Þðg zz B =2Þ 2 =r 3 nn ¼ 0:97 K, thus yielding a ratio J nn =D nn ¼ À0:155. This value places CdEr 2 Se 4 well inside the spin ice regime in the phase diagram of Ref. [13] , where it corresponds to a point that matches well the temperature of the observed C MAG maximum.
Spin dynamics have been studied by means of ac susceptibility and muon spin relaxation (SR) and, although preliminary, the picture that emerges is consistent with the spin ice nature of the system. In the spin ice titanates, the dynamic response is characterized by the existence of three regimes: an activated high temperature regime dominated by a single-ion Orbach-like [19] process involving the first excited CEF level at $200 K, followed on cooling by a T-independent plateau ascribed to quantum tunnelling between the two Ising states in the ground-state doublet. Below 2-3 K there is a reentrance of a thermally activated process which quenches at around 1 K. At this point the system freezes into a particular microstate of the ice-rules manifold. Yet, despite the freezing, spin dynamics can still be detected as T ! 0 in the SR time window for both Ho and Dy titanates [20, 21] . Recently, the lowtemperature dynamics in spin ice have been explained in terms of the creation and diffusion of topological defects that resemble magnetic monopoles (a pair of oppositely charged monopoles is created by the flip of a single spin leaving two adjacent tetrahedra with ''3 in 1 out'' and ''3 out 1 in'' configurations. The two monopoles can diffuse apart) [22] [23] [24] . In CdEr 2 Se 4 the onset of the frozen spin ice regime is signaled by the peak in ac-00 centered at around 0.6 K. Within the monopole context, this freezing should be interpreted as the quenching of the thermal energy required for the creation and diffusion of monopoles below T p . Its frequency dependence (inset of Fig. 3 ) reflects the consequent thermally activated behavior of the spin correlation time and is analogous to the behavior in the titanates [25] [26] [27] [28] [29] . However, in contrast to these [30] , it can be fit to an Arrhenius expression f ¼ f 0 expðÀE B =T p Þ over the entire T-frequency range accessed by our measurements. The derived energy barrier (E B ¼ 10 K) is nonetheless much larger than predicted for the formation of a free defect (2J eff with J eff ¼ D nn þ J nn ' 0:80 K), which can be explained as a result of the effect of the Coulomb interaction between the two oppositely charged defects on the creation and diffusion of the monopoles [23] . The observed behavior below T p is also characteristic of spin ice, with the spin system appearing frozen in the susceptibility window whereas SR measurements (not shown) still reveal the persistence of spin dynamics down to mK temperatures. A tentative explanation to this conundrum has been proposed by Bramwell and co-workers for Dy 2 Ti 2 O 7 in terms again of the movement of magnetic monopoles [24] although these authors do not provide any explanation to the existence of monopole excitations in a temperature range in which k B T ( 2J eff . In any case, other than confirming an analogous experimental behavior in the current system, our data do not allow us any further conclusion at the moment.
Summarizing, we have shown experimentally that CdEr 2 Se 4 is a new spin ice system, the first one containing Er, which we corroborate with our CEF calculations. These show that the local environment is crucial in determining the ground state of the different members of the CdR 2 Se 4 family. Thus, for Er it gives rise to Ising anisotropy and the observed spin ice behavior. Finally, our measurements indicate that spin dynamics in CdEr 2 Se 4 are also consistent with the expected behavior for a spin ice.
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